ABSTRACT A clone of the Drosophila melanogaster (Meigen) gene Act5C was used to isolate an actin gene from a Hessian ßy, Mayetiola destructor (Say), genomic library in phage lambda. A combined molecular and cytological analysis with the Hessian ßy actin gene (designated MdA1) was undertaken. The coding region of this gene was contiguous and encoded a protein that was 99% identical to the intersegmental muscle actins 57A and 87E from D. melanogaster. Additionally, the protein was Ͼ97% identical to the ßight-muscle-speciÞc actin 88E from D. melanogaster as well as muscle actins 1 and 2 from Bombyx mori (L.). Only the muscle actin 79B from D. melanogaster, a muscle actin in leg and thorax, showed Ͻ97% identity with actin 1 from Hessian ßy. The actin 1 from Hessian ßy shared less amino acid identity (94 Ð95%) with the cytoplasmic actins from D. melanogaster, Anopheles gambiae (Giles), and B. mori, with differences occurring in a conserved region of the cytoplasmic actins proposed to function in interaction with actin binding proteins. These results are consistent with the Hessian ßy MdA1 gene encoding a muscle actin. When compared with the D. melanogaster Act57A and Act87E genes, the Hessian ßy MdA1 gene revealed 81% identity at the nucleotide level, with most of the variation associated with third-codon-position GϩC content. The MdA1 gene also had a high degree of general synonymous codon usage bias as measured by scaled chi-square. Southern gel blot analyses as well as in situ hybridization on salivary polytene chromosomes with MdA1 as the probe revealed that a gene family with at least Þve members encodes the actins in Hessian ßy. Future identiÞcation of promoters for actins from Hessian ßy should prove useful for gene expression in transgenic constructs.
THE HESSIAN FLY, Mayetiola destructor (Say) , is the main insect pest of wheat, Triticum aestivum L., in the United States (Foster et al. 1986 , Ratcliffe et al. 1994 . Females oviposit on the leaves of wheat. When eggs hatch, the neonate larvae crawl down the leaves and feed near the crown in seedlings (fall infestation) or at the nodes during culm elongation (spring infestation). Feeding by larvae results in stunting of the primary culm and development of a dark green color in the leaves of seedlings or lodging at nodes in wheat during culm elongation (Byers and Gallun 1972) . These effects result in reduced wheat production. In Georgia, losses estimated at $4 million in 1986 and $28 million in 1989 have been attributed to this pest (Hudson 1991) and state extension agents estimated losses in Texas at $2.5 million in 1997. Genetically resistant wheat has been the primary control method for the Hessian ßy. Currently deployed resistance is expressed as antibiosis of Þrst instars and is controlled by single dominant or partially dominant genes (Gallun 1977, Ratcliffe and Hatchett 1997) . The widespread use of resistant wheat cultivars has resulted in the evolution of Hessian ßy biotypes that can overcome resistant wheat (Ratcliffe et al. 1994) . Genetic studies have shown that virulence for some resistance genes in the insect is controlled by nonallelic recessive genes and operates on a gene-for-gene basis with resistance in wheat (Hatchett and Gallun 1970 , Gallun 1978 , Formusoh et al. 1996 , Zantoko and Shukle 1997 .
Despite the agricultural importance of the Hessian ßy, little molecular research has been conducted and no comparative analysis of the nucleotide sequence in protein coding regions has been reported. Molecular analyses of actin genes in various agriculturally important species have proved valuable in determining evolutionary relationships (McElroy et al. 1990 ) and in identifying restriction fragment length polymorphisms for chromosome linkage studies (McLean et al. 1990) .
Actin constitutes one of the major cellular components in eukaryotes and is found in both the cytoskeleton and the muscle sarcomere. Actin proteins have multiple functions in eukaryotic cells. In muscle cells, actin is involved in construction of the myoÞbrils (Vandekerckhove et al. 1986 ). In nonmuscle cells, actin is involved in cytokinesis, chromosome segregation, and organelle transportation (Fowler and Pollard 1982, Pollard et al. 1984) . Actin is also found in the cell nucleus (Goldstein et al. 1977 ) and may play a role in the control of cell growth and differentiation (Farmer et al. 1983) .
Arthropod actins generally resemble vertebrate cytoplasmic actins but the distinction between muscle and cytoplasmic actins has not been well established. However, actin genes speciÞcally expressed in muscle have been identiÞed in Bombyx mori (L.) and Drosophila melanogaster (Meigen). In these species, muscle actins have clearly diverged from cytoplasmic actins and form a family of closely related proteins. This has led to the proposal that two independent events account for the evolution of vertebrate and arthropod muscle-speciÞc actin genes. Arthropod muscle actin genes are believed to have emerged from an ancestral cytoplasmic actin gene within the arthropod phylum, whereas vertebrate muscle actin genes evolved within the chordate lineage (Mounier et al. 1992) .
Genes encoding actin proteins in most eukaryotes typically belong to a multigene family (Cleveland et al. 1980) . However, copy number and the organization of actin genes in a genome can vary. In the mosquito, Anopheles gambiae (Giles), Þve actin genes have been reported (Salazar et al. 1994) ; in D. melanogaster there are six at dispersed genomic locations (Fyrberg et al. 1980 (Fyrberg et al. , 1981 (Fyrberg et al. , 1983 ; and in humans there are Ͼ20 gene copies, most of which are pseudogenes (Humphries et al. 1981) . Only some unicellular fungi Seidel 1980, Mertins and Gallwitz 1987) , some Þla-mentous fungi (Fidel et al. 1988 , Dudler 1990 , and a ciliate (Hirono et al. 1987 ) have a single actin gene. Multigene families are likely to have arisen from gene duplication followed by divergence during evolution (Maeda and Smithies 1986) .
Nucleotide substitutions that result in amino acid replacement in actins accumulate at a very low rate in comparison to other multigene families such as globins (Hightower and Meagher 1986, Li and Graur 1991) . The most distant comparison of actins from yeast and mammals shows Ϸ89% amino acid identity (Gallwitz and Sures 1980) . Such a high conservation suggests that functional constraints on actin proteins have been extremely severe during evolution. The DNA sequences of actin genes, however, show more divergence than the amino acid sequences especially in the 5Ј and 3Ј untranslated regions and for intron positions and sequences (Minty et al. 1983) .
Actin has been conserved during evolution, and in many organisms different actin genes exhibit different patterns of expression and actin different functions. Actin gene families, therefore, can be used to examine codon usage bias between species and between different gene members within a species (He and Haymer 1995) . With the exceptions of methionine and tryptophan, amino acids are represented by several codons in the genetic code. Codons that have the same meaning are called synonyms or synonymous codons. Synonymous codons combined with the tendency for similar amino acids to be represented by related codons tends to minimize the effects of mutations caused by single base changes. Synonymous codon usage is nonrandom for many prokaryotic and eukaryotic genes; this phenomenon has been termed codon bias (Grantham et al. 1980) . These biases are speciesand gene-speciÞc and closely related species frequently show similar patterns of codon preference. Various hypotheses have been advanced to account for codon bias. For particular genes in bacteria, synonymous codon usage appears to be determined by translational accuracy and efÞciency with this correlation being strongest for highly expressed genes (Ikemura 1981) . In yeast, selection appears to have an effect on synonymous codon usage (Ikemura 1982) . In mammals, where population sizes are small, there is no evidence of selection among synonymous codons. Base composition varies among local chromosomal regions of the mammalian genome (Bernardi et al. 1985) and codon usage in any gene is thought to reßect the local GϩC content (Aota and Ikemura 1986) . Thus, codon usage in mammalian genomes may reßect differences in patterns of mutational bias within the genome (Filipski 1987) . In D. melanogaster, patterns of synonymous codon usage vary among genes and are associated with differences in GϩC content at silent sites. However, the variation cannot be explained by base-composition differences among local regions of the genome and may be the effect of selection among synonymous codons (Shields et al. 1988 ).
An analysis of an actin gene from Hessian ßy was undertaken because of the insectÕs economic importance and because little or no information is available on gene structure in the insect. Additionally, actin genes can provide probes for identiÞcation of restriction fragment length polymorphisms for chromosome linkage studies as well as promoters for the production of transgenic constructs.
Materials and Methods
Experimental Insect. Hessian ßies (mixed biotype populationÐHessian ßy voucher specimens deposited in the Purdue Entomological Research Collection) were reared on the wheat cultivar ÔBlueboyÕ (contains no resistance genes) in a growth chamber at 20ЊC with a 12-h photoperiod (Sosa and Gallun 1973) .
Genomic Library Construction and Screening. Genomic DNA was isolated from ßies by the method of Lis et al. (1983) . The lambda GEM-11 XhoI half-site cloning system from Promega (Madison, WI) was used to construct a Hessian ßy genomic library in phage lambda. The library was screened using a D. melanogaster Act5C clone and a 15-kb lambda clone was recovered. A 2.5-kb EcoRI fragment from the lambda clone that hybridized to the Act5C clone was subcloned in pGEM-7Z (Promega).
Southern Gel Blot Analyses. Five micrograms of Hessian ßy genomic DNA was digested with EcoRI, HindIII, or BamHI. Quantity of DNA for Southern analyses was estimated by spectrophotometric determination at 260 nm, and purity was estimated by the ratio of readings at 260 Ð280 nm. Additionally, quality and quantity of undigested DNA was assessed by agarose gel electrophoresis and ethidium bromide ßuo-rescence using undigested phage lambda DNA as a standard. Agarose gel electrophoresis of DNA frag-ments after digestion with restriction endonucleases was conducted in 0.8% gels using TAE (Tris-acetate ethylenediaminetetraacetic acid) buffer (40 mM Trisacetate, 1 mM EDTA, pH 7.8). DNA gel blots were prepared as described by Sambrook et al. (1989) (Feinberg and Vogelstein 1983) . Hybridization was conducted at 65ЊC as described by Sambrook et al. (1989) using BLOTTO (Bovine Lacto Transfer Technique Optimizer). After hybridization, blots were washed twice for 20 min at room temperature in 2ϫ SSC (sodium chloride sodium citrate), 0.1% SDS (sodium dodecyl sulfate) and twice for 30 min at 60ЊC in 0.1ϫ SSC, 0.5% SDS. Blots were exposed to X-ray Þlm using intensifying screens.
DNA Sequencing and Analyses. The 2.5-kb EcoRI fragment subcloned in pGEM7Z (vide supra) was sequenced on both strands over its full length using the Pharmacia ALF DNA sequencer system (Pharmacia Biotech, Pistcataway, NJ). M13 universal and reverse primers and synthesized oligonucleotides to sequence internally were used in the reactions. Sequence analysis was performed with the Genetics Computer Group program package (Devereux et al. 1984) . The BLASTX program (Altschuel et al. 1990 (Altschuel et al. , 1997 ) was used to search protein databases with the translation of the Hessian ßy actin gene. The DNA sequences and amino acid sequences of the D. melanogaster, A. gambiae, and B. mori actin genes were obtained from the GenBank. Codon usage bias within synonymous groups was measured by chi-square. General bias in synonymous codon usage for the Hessian ßy gene was measure by a scaled chi-square (chi-square calculated for deviation from equal usage of codons within synonymous groups, divided by the total number of codons in the gene less Trp and Met codons). This provides a measure of general synonymous codon usage bias that is independent of gene length for genes of Ͼ100 codons (Shields et al. 1988) .
In situ Hybridization. Procedures for preparation of Hessian ßy salivary polytene chromosomes and hybridization of probe DNA labeled with [ 3 H]TTP by random priming reaction were as previously described (Shukle and Stuart 1995) .
Results and Discussion
The DNA sequence and predicted amino acid sequence of the proteinÐ coding region of the Hessian ßy MdA1 gene (GenBank accession number AF017427) are shown in Fig. 1 . These results revealed a contiguous coding region of 1,131 bp without interruption by introns. A comparison of the amino acid sequence of the actin one from Hessina ßy with other insect actins (Fig. 2) indicated a protein that was 99.2 and 98.9% identical, respectively, to the intersegmental muscle actins 57A and 87E (Manseau et al. 1988 ) from D. melanogaster. Additionally, actin 1 showed Ͼ97% identity to the ßight-muscle-speciÞc actin 88 F (Karlik et al. 1984 ) from D. melanogaster as well as muscle actins 1 and 2 from B. mori (Mounier and Prudhomme 1991) . However, actin 1 from Hessian ßy showed Ͻ97% identity to actin 79B from D. melanogaster ( Fig. 2A) , which is a muscle actin in leg and thorax (Fryberg et al. 1983 , Manseau et al. 1988 .
The actin 1 from Hessian ßy shared less amino acid identity (94 Ð95%) with the insect cytoplasmic actins 5C and 42A from D. Melanogaster (Fryberg et al. 1983 ), 1D from A. gambiae (Salazar et al. 1994) , and 3 and 4 from B. mori (Mounier and Prudhomme 1991) (Fig.  2B) . The region between amino acids 10 and 240 within insect cytoplasmic actins has been suggested to contain important structural and functional domains for interaction with actin binding proteins (Mounier et al. 1992 ). The actin 1 from Hessian ßy displayed differences in amino acid composition in this region compared with the insect cytoplasmic actins as did the other muscle actins (Fig. 2) . The amino acid variation in this region plus the identity shared by the actin 1 with other insect muscle actins is consistent with the Hessian ßy MdA1 gene encoding a muscle actin.
The results of Southern gel blot analyses of Hessian ßy genomic DNA with the MdA1 clone as a probe are shown in Fig. 3 . Sequencing and mapping of restriction sites in MdA1 revealed no EcoRI or HindIII sites but a BamHI site was present within the protein-coding region 40 bp 3Ј from the ATG (Met) translation initiation codon. In EcoRI-digested Hessian ßy genomic DNA six bands between 8.0 and 0.9 kb were displayed. Two bands of relatively intense hybridization were seen at 2.5 and 1.7 kb. The band at 2.5 kb should contain the 2.5-kb EcoRI fragment subcloned and found to contained MdA1. All of the bands displayed by Southern analysis with EcoRI digested genomic DNA except the one at 0.9 kb could contain EcoRI fragments with complete actin protein-coding sequences. It is also possible that one or more of the members of the actin gene family in Hessian ßy contain an EcoRI site or sites within its sequence. Thus, two or more of the bands displayed in the Southern analysis could contain EcoRI fragments from the same actin sequence.
In Southern analysis with HindIII digested Hessian ßy DNA, two bands of intense hybridization were displayed at 9.4 and 3.3 kb with multiple additional faint bands visible. One of the two intense bands should contain HindIII fragments that possess all of the MdA1 protein-coding sequence, whereas the other probably contains all or most of the coding sequence for another actin. The faint bands should then represent fragments from cleavage at HindIII sites within and outside of the other actin sequences within the Hessian ßy genome generating fragments that contain portions of their coding sequences.
Southern analysis with BamHI digested Hessian ßy DNA displayed six bands between 9.4 and 3.3 kb, Þve of moderate hybridization intensity and one that was faintly visible. These results suggest that the Þve bands of moderate hybridization intensity contain BamHI fragments possessing actin sequences from the Hessian ßy genome. The faint band could contain a BamHI fragment possessing the 40 bp from the 5Ј end of the protein-coding region of MdA1 or perhaps a less conserved coding sequence for another actin. Southern analyses with EcoRI and BamHI digested genomic DNA indicate that the actins in Hessian ßy are encoded by a small gene family with at least Þve members as reported for A. gambiae (Salazar et al. 1994) and perhaps six as observed in D. melanogaster (Fyrberg et al. 1980 ).
In situ hybridization experiments on Hessian ßy salivary polytene chromosomes Hatchett 1988a, 1988b) with the MdA1 clone as the probe yielded Þve hybridization sites (Fig. 4) . Three of the Þve hybridization sites displayed were prominent. One of these was located near the middle of the long arm of chromosome three (sex chromosome X1), one near the end of the short arm of chromosome 1, and one near the end of the long arm of chromosome 1. Two less prominent sites were located near the middle of the short arm of chromosome 1 and on the long arm of chromosome 1 fairly close to the nucleolus. No hybridization sites were observed on chromosomes two or 4.
In D. melanogaster, a clone of actin 5C hybridized in situ to salivary gland polytene chromosomes reproducibly to only Þve chromosomal locations, whereas Southern hybridization revealed the presence of a sixth member of the gene family (Fryberg et al. 1980) . It is possible the Hessian ßy genome may possess an additional actin gene. However, the gene may possess a less conserved coding sequence such that hybridization was not visible under the in situ hybridization conditions or the location of the additional gene is too close to one of the other loci revealed to be resolved. The salivary polytene chromosomes of Hessian ßy are not as amenable to in situ hybridization as those of D. melanogaster and do not display the clear banding present in other polytene chromosomes. Results of in situ hybridization experiments supported the results obtained from Southern hybridization and indicated that a small gene family with at least Þve members encodes the actins in the Hessian ßy genome.
It is interesting to note that the X chromosomes of D. melanogaster and A. gambiae share an actin gene (Fryberg et al. 1980 , Salazar et al. 1994 ), a white gene (Zheng et al. 1993) , and the rDNA locus (Collins et al. 1987) . However, although the X chromosome of Hessian ßy has an actin (vide supra) as well as a white gene Stuart 1993, Schulte et al. 2000) , the rDNA locus in Hessian ßy is on chromosome 1 (Shukle and Stuart 1995) . Additional knowledge of the chromosomal location of genetic loci in Hessian ßy will allow a comparison of synteny with D. melanogaster, A. gambiae, and other Diptera.
The speciÞc cytological location for the MdA1 gene from Hessian ßy cannot be resolved from the present work. However, the most consistent hybridization sites with MdA1 were the site at the end of the short arm of chromosome 1 and the site near the middle of the long arm of chromosome three (sex chromosome X1). The Hessian ßy MdA1 gene most likely resides at one of these two sites. It is possible that a probe of the 5Ј noncoding region of MdA1 would hybridize exclusively to a single region and reveal the speciÞc location of the gene.
Sequence analysis of the Hessian ßy MdA1 gene and comparison with the actin genes of D. melanogaster revealed the greatest nucleotide identity (81%) with Act57A and Act87E, which encode intersegmental muscle actins in larvae and adults (Manseau et al. 1988) . The MdA1 gene also showed a high degree of general synonymous codon usage bias. Codon usage bias within synonymous groups, general synonymous codon usage bias as measured by scaled chi-square, and total third position GϩC content for the MdA1 gene are shown in Table 1 . Of the six D. melanogaster actin genes, Þve show a high degree of codon bias as revealed by scaled chi-square values, whereas Act42A shows a low degree of codon bias (He and Haymer 1995) . The actin genes showing a high degree of codon bias (Act57A, Act79B, Act88F, Act5C, and Act87E) appear to have experienced a reduced rate of synonymous substitutions. This is consistent with the fact that the rate of synonymous changes in D. melanogaster is inversely correlated with the GϩC content at synonymous positions and codon bias Li 1989, Moriyama and Gojoboro 1992) . Although the Hessian ßy MdA1 gene showed a high degree of codon bias, its third position GϩC content (37.9%) was lower than that of the two D. melanogaster genes it shared the greatest identity with, Act57A and Act87E (70%). Analysis of the remaining Hessian ßy actin genes will reveal if there is a trend in codon bias in the gene family, rates of synonymous substitutions, and correlation of GϩC content at synonymous positions and degree of codon bias with the rate of synonymous changes. This will allow examination of codon usage bias in relation to D. melanogaster and other Diptera as well as between different gene members within the Hessian ßy.
Analysis of the region 5Ј to the protein-coding region in the MdA1 clone revealed a seven base sequence 119 bases 5Ј of the translation initiating ATG codon that matched the consensus signature sequence often present at the transcription start site of many insect mRNAs (Hultmark et al. 1986 ). The ATCACTC sequence matched a transcription initiation sequence for the D. melanogaster Act79B gene and was similar to an ACCACTC initiation sequence for the D. melanogaster Act 87E gene. An obvious TATA-like sequence, however, was not present 20 Ð30 bp upstream of the potential transcription initiation sequence. Analysis of the region 3Ј to the protein coding region in the MdA1 clone revealed an AATAAA sequence identical to the consensus polyadenylation signal (Proudfoot and Brownlee 1976 ) present 206 bases past the translation termination codon (TAA). Although these analyses are speculative, it seems probable that recovery of cDNA clones will allow putative promoter regions for the MdA1 gene to be identiÞed.
In summary, an actin gene, MdA1, from Hessian ßy has been cloned and sequenced. Analysis of the gene suggests it is homologous to the D. melanogaster Act57A and Act87E genes, which encode intersegmental muscle actins in larvae and adults. Both the Hessian ßy MdA1 and D. melanogaster Act87E genes have contiguous protein-coding regions with a high degree of nucleotide and amino acid sequence identity. Southern analyses and in situ hybridization on polytene chromosomes indicated that a small gene family with at least Þve members encodes the actins in Hessian ßy. The similarity in conserved domains shared between the actin 1 from Hessian ßy and muscle actins from D. melanogaster and B. mori support the concept that insect muscle actins form a family of related proteins and emerged from an ancestral arthopod cytoplasmic actin gene independent of vertebrate muscle evolution. Preliminary analysis of the region 5Ј to the protein-coding region of the MdA1 gene revealed a sequence matching the consensus sequence often present at transcription start sites of many insect genes. IdentiÞcation and analysis of promoter sequences for actin genes from Hessian ßy should prove useful in the development of transgenic constructs for the insect. Total 3rd position GϩC content is 37.9%
a Where codon bias within a synonymous group was signiÞcant by chi-square value (P Ͻ0.05) the codons are in bold case. Scaled chisquare value to measure general synonymous codon usage bias within the MdA1 gene was 1.099.
